Introduction
Aircraft noise problems raised an important question for the air transport industry with sustained growth. The obtaining of the aircraft airworthiness certification directly depends on its noise level. It is undoubtedly a huge challenge to the developing of China's civil aircraft. Fan noise is the primary sound source of modern civil aircraft during takeoff and landing condition. As the engine noise is caused largely due to the fan, and fan noise is proportional to the 4th power of the blade tip tangential velocity. As for acoustic noise of fan and duct, previous researches on the generation and propagation of the noise of rotor and axial fan have yielded large amount of good results. Generally, the noise source is expressed using acoustic analogy and the flow field is solved using Computational Fluid Dynamics (CFD) or measured by experimental means [1, 2] . Over the last two decades, the Boundary Element Method (BEM) has become a valuable modeling especially for problems in acoustics and noise control.Improved understanding of the acoustic noise reduction can lead to quieter engine designs. Some researchers have studied the acoustic noise control of turbofan engine. Tyler and sofrin. [3] carried out the pioneer work based on the acoustic mode, describing the sound field in the engine pipeline, and proposed the mechanism of the noise-mode of the rotor-stator interaction at the subsonic tip speed. Cao et al. [4] studied the influence of speed, number of blades, wheel ratio, blade mounting angle and blade shape on the aerodynamic noise of the fan, and the optimal value of each parameter was selected to optimize the design and noise reduction. Akaike et al. [5] studied non-equidistant blade distribution for noise reduction, numerical and experimental results show that the fan's rotation noise to a certain extent.
This paper focuses on a discussion of turbofan engine fan modification based on noise reduction. The hybrid method combining thin-body BEM and FW-H method is developed to predict the acoustic noise of turbofan engine fan in this research. Then two main geometry parameters are modified to reduce the noise of turbofan engine fan. The acoustic performance of different modification tasks is discussed and shown in this research.
Numerical methods
The noise of turbofan engine fan is generated from the pressure fluctuation of the blade surface, which is caused by the unsteady aerodynamic forces. The noise of fan is composed of incident sound generated by blade and scattered sound generated by duct. The thin-body BEM/FW-H numerical method is divided into three steps: firstly, the sound source generated from the pressure fluctuations of the blade surface is calculated using CFD method; secondly, the free-field sound pressure is calculated using FW-H method, and then it's transformed into sound pressure in frequency domain using Fast Fourier Transform (FFT) method; lastly, the scattering effect of the duct wall is solved using thin-body BEM method, and the radiation and propagation of the sound source is calculated.
Unsteady flow calculation
Accurate calculation of the flow field is very essential for the calculation of acoustic noise. Due to the constant rotary speed, we focus on the flow field in stable state. Therefore, the unsteady Navier-Stokes equation is adopted here to calculate the flow field [6] .
In this research, the flow field properties are calculated by using the commercial CFD code FLUENT 14.0, which has a lot of turbulence models such as model, SST model and LES model. The standard model is used in this research for its reasonable solving accuracy and fewer resources compared with SST model and LES model.
The no-slip wall is adopted in this aerodynamic simulation. The SIMPLEC discretization schemes are used to discretize the equation of pressure-velocity coupling. The rotating speed of turbofan engine fan modification is 4000r/min. And the time step in relation to the rotating speed is given in order to obtain enough calculated results per blade passing time.
Free field acoustic source
Acoustic analogy can be used to study the problem of aerodynamically generated noise, and the FW-H equation is adopted to calculate the free-field acoustic noise [7, 8] . FW-H equation can be solved by using the formulation of Farassat 1A, which is given as follows: After the free-field sound pressure is calculated using FW-H method, it is transformed into sound pressure in frequency domain by FFT method.
Acoustic thin-body BEM for sound propagation
The BEM method is used to calculate the far-field sound pressure. Due to the scattering effect of the duct wall, the total sound pressure is the superposition of incident pressure and scattered pressure [9, 10] . The incident pressure in frequency domain can be solved using the method mentioned in previous sections, and the scattered pressure can be solved using BEM. ' ' '
where ' i p and ' s p separately denote incident sound pressure and scattered sound pressure in the frequency domain. In this research, the scattered sound pressure is calculated using the thin-body boundary integral equation. The calculated domain is shown in Fig. 1 , the surface of the duct wall is expressed by S . Since the duct is not close, an imaginary surface i S is constructed to divide the acoustic domain into an interior domain V Fig. 1 The schematic diagram of acoustic Fig. 2 Mesh of duct used in BEM scattering by a thin body In order to calculate the scattered sound pressure, the thin-body neutral surface S is discretized into a number of elements. Using the Linear BEM, the sound pressure jump (
can be calculated by solving a set of equations. Then the scattered sound pressure at any elements can be solved directly by Eq. (5) and Eq. (6). The mesh of duct surface used in BEM is shown as Fig. 2 .
An effort to realize the numerical noise prediction of turbofan engine fan was made through solving Eq. (4).
Model establishment

Geometric configuration and grid generation
A turbofan engine fan system is designed and tested to analyze and reduce its acoustic noise in this part. The virtual prototype model of turbofan engine fan is set up in Tab. 1, and its geometric model is shown in Fig. 3 . In the aerodynamics simulation of turbofan engine fan, the whole computation domain is divided into two subdomains: an independent rotational domain for the rotor disk and an outer stationary domain. The stationary domain includes the part of duct and rotor hub. After the geometry of turbofan engine fan is established, the calculation model is meshed by the unstructured triangle mesh, and the grid density can be controlled to improve computational precision. The grids in the rotational domain and duct domain are dense, as shown in Fig. 4 . In consideration of the inlet and outlet zone (shown in Fig. 5 ), the total number of cells in the whole flow field is about 2.2 million. 
Acoustic noise of turbofan engine fan
In this simulation, all of the acoustic noise and SPLs of turbofan engine fan prototype model and the following different modifications are calculated at rotary speed of 4000rpm at the observation distance of 3m.
The sound pressure is expressed in decibels (dB), and SPL is calculated by the following equation:
where e P denotes the predicted pressure, ref P denotes the reference pressure and equals to -5 2 10 Pa  .
Applications in acoustic noise reduction
In this part, the numerical prediction method mentioned above is applied to study the acoustic noise reduction of turbofan engine fan. By analyzing the amendable geometrical parameters that have an obvious influence on acoustic noise, two design parameters including blade mounting angle and wheel ratio are altered to analyze the acoustic characteristics of turbofan engine fan.
The influence on acoustic noise of blade airfoil was considered in the first place. Four blade mounting angle were selected, i.e. 61°, 64°, 67° and 70°. The blade mounting angle of original model is 64°.Then, the influence on acoustic noise from wheel ratio which was modified from 0.25-0.4 was discussed, as shown in Tab. 3. The SPLs turbofan engine fan calculated for various blade mounting angle and wheel ratio are shown as Fig.6 and Fig.7 . These four blade mounting angle have different thrust and the thrust generated by the fan increases as the blade mounting angle increases. However the maximum SPLs of blade mounting angle 61°, 64°and 70°are higher (Tab. 2; Fig. 6 ). On the whole, the lowest noise blade mounting angle is 67°, whose maximum SPL is 85.8dB (Tab. 2; Fig. 6 ). Relatively high wheel ratio generates high noise (Tab. 3). In most wheel ratio, when the ratio is 0.25, its acoustic noise is the lowest among the four cases ( Fig.6; Tab. 3), so its overall noise is the lowest, with the corresponding maximum SPL being 82.9dB. Thus, the change of wheel ratio has a big impact on the aerodynamic and acoustic performance of turbofan engine fan.
Summary
This paper aims to predict and reduce the acoustic noise of turbofan engine fan. The acoustic characteristics of turbofan engine fan were investigated by using the thin-body BEM/FW-H method. And then the effects of two main design parameters, including blade angle and wheel ratio were discussed. These design parameters have obvious influence on the acoustic performance of turbofan engine fan. Some meaningful conclusions are drawn on the noise reduction. By modifying the two main design parameters, the SPL decrease by 10.3dB compared with the original model. These results demonstrate the validity of design parameters modification of turbofan engine fan in acoustic noise reduction. In the following research, the noise reduction effect of other design parameters can be investigated.
